The abnormalities in regional function produced by myocardial ischemia persist after the ischemic episode resolves. Since a close functional coupling exists between myofibrillar creatine kinase and myosin ATPase, a disruption of this coupling could adversely influence myocardial function and might provide a mechanism for the myocardial dysfunction observed. The purpose of the present study was to determine if an alteration in the activity of creatine kinase associated with the myofibril occurs in the postischemic period. Anesthetized open-chest dogs (n = 6) underwent coronary occlusion for 15 minutes, followed by reperfusion for 15 minutes. In reperfused myocardium, adenine nucleotide content was decreased (72 ±10% of noniscbemk myocardium, p<0.05), documenting the presence of previous ischemia. The creatine phosphate content of reperfused myocardium returned to normal, indicating resumption of myocardial energy production. The creatine kinase activity of purified myofibrils isolated from reperfused myocardium was decreased by 17 ± 7% compared to that of nonischemic myofibrils (p<0.03). In addition, the free adenosine diphosphate concentration in reperfused myocardium was calculated to be 96 / I M and was less than the Km of adenosine diphosphate determined for myofibrillar creatine kinase (105 /iM). The results suggest two putative mechanisms for disruption of energy use in postischemic myocardium: decreased creatine kinase activity associated with the myofibril, and limitation of substrate necessary for maximal creatine kinase activity. (Circulation Research 1987;60:283-289) P revious studies indicate that a prolonged time is required for myocardial function to return to normal following myocardial ischemia. This phenomenon has been termed stunned myocardium.
The abnormalities in regional function produced by myocardial ischemia persist after the ischemic episode resolves. Since a close functional coupling exists between myofibrillar creatine kinase and myosin ATPase, a disruption of this coupling could adversely influence myocardial function and might provide a mechanism for the myocardial dysfunction observed. The purpose of the present study was to determine if an alteration in the activity of creatine kinase associated with the myofibril occurs in the postischemic period. Anesthetized open-chest dogs (n = 6) underwent coronary occlusion for 15 minutes, followed by reperfusion for 15 minutes. In reperfused myocardium, adenine nucleotide content was decreased (72 ±10% of noniscbemk myocardium, p<0.05), documenting the presence of previous ischemia. The creatine phosphate content of reperfused myocardium returned to normal, indicating resumption of myocardial energy production. The creatine kinase activity of purified myofibrils isolated from reperfused myocardium was decreased by 17 ± 7% compared to that of nonischemic myofibrils (p<0.03). In addition, the free adenosine diphosphate concentration in reperfused myocardium was calculated to be 96 / I M and was less than the Km of adenosine diphosphate determined for myofibrillar creatine kinase (105 /iM). The results suggest two putative mechanisms for disruption of energy use in postischemic myocardium: decreased creatine kinase activity associated with the myofibril, and limitation of substrate necessary for maximal creatine kinase activity. (Circulation Research 1987;60:283-289) P revious studies indicate that a prolonged time is required for myocardial function to return to normal following myocardial ischemia. This phenomenon has been termed stunned myocardium. 1 Heyndrickx et al 2 found that between 12 and 24 hours of reperfusion was necessary for complete restoration of normal segment shortening and normal velocity of shortening following a brief (15-minute) coronary occlusion in conscious animals. Kloner et al 3 observed that 3-7 days were required for the return of normal regional function following brief ischemia. Other studies in animals have examined the return of myocardial function after more prolonged episodes of myocardial ischemia leading to irreversible injury. Some recovery of systolic function occurs over several weeks when reperfusion is restored after one hour 4 and two hours 5 of coronary occlusion. Studies in patients undergoing coronary artery bypass grafting indicate that revascularization of an ischemic segment may produce a gradual improvement in regional wall motion. 6 Other studies in patients undergoing thrombolytic therapy during acute myocardial infarction demonstrate a delayed improvement in regional function after the restoration of perfusion.
78 Thus, following both brief (fully reversible) and prolonged (partially irreversible) ischemia, there is slow recovery of myocardial function.
Postischemic dysfunction can occur through either an impairment of myocardial energy production or a disruption of energy utilization. Previous studies in animals following brief episodes of ischemia indicate that creatine phosphate production increases rapidly on reperfusion. 910 Since creatine phosphate can only be produced by phosphorylation of creatine by adenosine triphosphate (ATP), these results document that energy production resumes immediately on reperfusion. Abnormalities producing disruption of normal energy use, rather than abnormalities in energy production, therefore must be considered as potential mechanisms for postischemic dysfunction.
Although ATP is the immediate substrate for myofibrillar contraction through the myosin ATPase reaction," creatine phosphate and the creatine kinase reaction appear to be important components of energy transduction in the myofibril. The MM isozyme of creatine kinase (CK) is bound to myosin and localized at the M band of the sarcomere. This myofibrillar creatine kinase has been demonstrated to be functionally coupled to myosin ATPase, and serves as an important intramyofibrillar ATP-regenerating system when the substrates creatine phosphate and adenosine diphosphate (ADP) are available.
12 " 20 It has been estimated that the activity of creatine kinase bound to the myofibril is just sufficient to supply the ATP necessary for maximum ATPase activity. 1319 If the functional coupling of myofibrillar creatine kinase and ATPase is important for maximal ATPase activity, and if this coupling is one of the determinants of myocardial function, then disruption of this coupling through either a decrease in the activity of enzyme bound to the myofibril or limitation of substrate might compromise ATP production and thus alter myocyte function.
The purpose of the current study is twofold: 1) to examine the influence of ischemia on the activity of creatine kinase associated with the myofibril, and 2) to determine the relationship of the free ADP concentration of the myocyte to the kinetics of the myofibrillar creatine kinase reaction. This study was performed in intact open-chest animals, a model in which postischemic dysfunction resulting from brief coronary occlusion is well-characterized.
2 -3
Materials and Methods

Animal Preparation and Experimental Protocol
Mongrel dogs (n = 6) were anesthetized with sodium thiamylal (20 mg/kg, i.v.), intubated, and ventilated. A left thoracotomy was performed, the left anterior descending coronary artery was dissected free, and a ligature positioned around the artery just distal to the first anterior lateral branch. The artery was occluded for 15 minutes, then perfusion was reinstituted for 15 minutes. Following reperfusion, duplicate myocardial samples for nucleotide and creatine phosphate analyses were obtained from both the circumflex region (nonischemic) and the left anterior descending region distal to the ligature (reperfused or previously ischemic region). Samples were obtained using a high-speed rotary drill as previously described 9 and were frozen in liquid nitrogen within 5 seconds of removal from the heart. Myocardial samples were stored under liquid nitrogen until processed.
After samples were obtained for nucleotide analysis, the animal was killed with a bolus injection of potassium chloride, and transmural samples of myocardium (approximately 4 g) were removed from the nonischemic and reperfused regions to be used for isolation of myofibrils. The nonischemic sample was removed first in 3 animals and the reperfused sample was removed first in the other 3 animals. Samples were obtained within 1 minute of cessation of contraction, and the procedure for purification of myofibrils from the samples was started immediately.
Processing of Tissue Samples
The transmural samples obtained for analysis of nucleotide content were removed from storage under liquid nitrogen and extracted in 12% trichloroacetic acid as previously described. 21 The extract was neutralized and the nucleotide content quantified by high-performance liquid chromatography using a gradient elution from an anion exchange column. 21 Creatine and creatine phosphate contents were determined by highperformance liquid chromatography using paired ion exchange chromatography on a reverse phase column. 22 The protein content of the pellet obtained after acid precipitation of the sample was determined by the method of Lowry.
23 All values were expressed on a micromole per gram of protein basis.
Myofibrils were-purified from the myocardial samples by the method of Solaro et al. 24 The samples were washed free of blood and minced in 0.9% NaCl (4° C). Samples were homogenized in a hand-held dounce homogenizer in a buffer containing 0.3 M sucrose, 10 mM imidazole (pH 7.0), and 1 mM dithiothreitol (DTT). The homogenate was centrifuged at 17,3OOg for 20 minutes and the myofibrillar pellet resuspended in buffer containing 60 mM KC1, 30 mM imidazole (pH 7.0), 2 mM MgCl 2 , and 1 mM DTT. The sample was again homogenized and then centrifuged. This cycle was repeated 4 times. Membrane contamination was removed by homogenization in 1 % Triton X followed by extensive washing. This procedure of myofibrillar purification has been shown to preserve myosin ATPase activity while eliminating all membranebound ATPase activities. 24 Creatine kinase was extracted from the myofibrils using a low ionic-strength buffer. 25 Myofibrils were suspended in 100 volumes of 5 mM Tris-HCl (pH 7.4) containing 1 mM DTT. The solution was protected from light and stirred for 5 hours at 4° C, followed by centrifugation at 15,000g for 30 minutes to sediment the myofibrils. The supernatant containing the soluble creatine kinase was concentrated using an ultrafiltration membrane (Amicon, Danvers, Mass., PM 30). The myofibrillar creatine kinase solution was stored at -7 0° C and assayed for activity within 4 days.
Assay of Creatine Kinase Activity
The total creatine kinase activity of the initial muscle homogenate and the creatine kinase activity bound to the purified myofibrils were measured as follows: The sample to be assayed (initial homogenate or myofibrils) was incubated at 25° C in a reaction mixture containing 5 mM ADP, 10 mM phosphocreatine, 7.5 mM MgCl 2 , 60 mM KC1, and 30 mM Tris-HCl at pH 7.4. After 10 minutes, the reaction was stopped with excess EDTA. Creatine production was quantified by high-performance liquid chromatography as previously described, 22 and protein content was measured. The protein concentration in the reaction mixture ranged from 0.135 to 0.220 mg/ml for myofibrils, and from 0.008 to 0.010 mg/ml for the initial homogenate. Creatine production was demonstrated to be linear with the incubation times and protein concentrations used in the assay. Activity was expressed as nanomoles of creatine produced per minute per milligram of total cellular protein or per milligram of myofibrils.
The Km of ADP for the myofibrillar creatine kinase was determined as follows: The soluble creatine kinase was incubated for 10 minutes at 25° C in a reaction mixture containing 10 mM phosphocreatine, 7.5 mM MgCl 2 , 60 mM KC1, and 30 mM Tris-HCl at pH 7.4. The reaction mixture also contained [
14 C]ADP (specific activity ranging from 5 to 30 mCi/mmole), and the ADP concentration was varied from 0.04 to 0.50 mM. Five microliters of the reaction mixture together with a carrier was spotted on a PEI-cellulose thin-layer chromatography plate (EM Reagents). The plate was developed in 0.85 M LiCl to separate AMP, ADP, and ATP. The spots were identified by UV light, cut from the plate, and counted in a Packard Tri-Carb liquid scintillation spectrometer equipped with chemiluminescence correction. The results were expressed as nanomoles of ATP produced per minute.
All values were expressed as mean ± standard error. Statistical comparisons were made using the Student's t test for paired values. Animal care and handling conformed to the guidelines of the Duke University Animal Experimentation Committee.
Results
Nucleotide and Creatine Phosphate Content
The adenine nucleotide and creatine phosphate contents of the nonischemic region and of the previously ischemic region are given in Table 1 . The ATP and total adenine nucleotide (TAN) contents of the reperfused region are 70 ± 1 1 % (ATP) and 72 ± 1 0 % (TAN) of the content of the nonischemic region (p<0.03). The nucleotide depletion in the reperfused region documents that the region was previously ischemic. In contrast, the creatine phosphate content of the reperfused region is 130 ± 48% of the content of the nonischemic region. This rebound in creatine phosphate content in the reperfused region is similar to that seen in previous studies 910 and indicates resumption of energy production (ATP synthesis).
Since greater than 90% of the ADP in muscle is bound to contractile proteins, the total ADP content of the cell cannot be used to estimate free ADP concentration. If one assumes that the creatine kinase reaction is in equilibrium, then the free ADP concentration can be calculated if the concentrations of the other components of the reaction are known. The myocardial content of creatine, creatine phosphate, and ATP can be measured and expressed in terms of intracellular concentrations by assuming that the protein content of the myocyte is 15% of the wet weight (unpublished observation), and that intracellular water is 67% of the wet weight. 26 The equilibrium constant of creatine kinase atpH7.2,38°C,and 1 mMfreeMg 2+ is reported to be 1.67 X 10' M"'. 27 From the following equation, free ADP concentration can be calculated: [ATP]
[Creatine]
All values mean ± SEM. *p<0.05 reperfused vs. nonischemic myocardium. TAN = total adenine nucleotides (AMP + ADP + ATP); ATP = adenosine triphosphate; ADP = total adenosine disphosphate (free + bound); AMP = adenosine monophosphate; Cr = creatine; CP = creatine phosphate.
[
The calculated free ADP concentration in nonischemic muscle in this study was 221 fiM, and the concentration decreased to 96 /xM in reperfused tissue.
Creatine Kinase Activity
The creatine kinase activity of the initial homogenate of the myocardial samples was measured to ensure that loss of intracellular enzymes due to irreversible myocardial injury had not occurred. The total creatine kinase activity of the initial homogenate from the reperfused region was 7474 ± 659 nmol/min/mg total cellular protein, and was not significantly different from that in the nonischemic region (8136 ± 628 nmol/min/mg total cellular protein, p>0.3).
The creatine kinase activity of the washed myofibrils from the reperfused region was 251 ± 9 8 nmol/ min/mg myofibrillar protein and was significantly less (p<0.03) than the creatine kinase activity associated with the purified myofibrils from the nonischemic region (302 ± 61 nmol/min/mg myofibrillar protein). In each of the 6 animals studied, the activity of creatine kinase associated with the myofibrils isolated from the reperfused region was less than the activity of myofibrils isolated from the nonischemic region.
The Km of ADP for creatine kinase was determined for the creatine kinase solubilized from the myofibril (Figure 1 ). Five separate experiments were performed and the individual values subjected to regression analysis. The Km was determined to be 105 ^iM. Thus the calculated free ADP concentration in nonischemic myocardium (221 /xM) is only twofold greater than the Km of ADP for creatine kinase, while the free ADP concentration in reperfused myocardium (96 /iM) is less than the measured Km of ADP for myofibrillar creatine kinase.
Discussion
The entity of postischemic myocardial dysfunction is supported by studies in a variety of experimental models. 2 " 728 " 32 Since there are a number of determinants of myocardial function, 1 an abnormality in any single determinant may not produce dysfunction, while apparently small changes in a number of the determinants may act in concert to produce muscle dysfunction. Alternatively, an alteration in one parameter during reperfusion, i.e., paired pacing or inotropic stimulus, may at least transiently overcome the functional deficit. The purpose of this study was to examine the possibility that a decrease in the activity of creatine kinase associated with the myofibril (MM isozyme) might disrupt normal energy use and thus contribute to postischemic myocardial dysfunction. The results suggest two putative mechanisms that may contribute to postischemic dysfunction: loss of CK^™, activity from the postischemic myofibril, and limitation of substrate necessary for maximal activity of the myofibrillar creatine kinase reaction in postischemic myofibrils.
The importance of the creatine kinase reaction to cellular energy use was suggested by studies indicating that a significant fraction of the C K^ of the myocyte is bound at the M band of the intact sarcomere. 23 Not only has CK,™, been shown to be bound to the contractile apparatus near the location of ATPase activity, but functional coupling between CK,™, and myosin ATPase has also been demonstrated. 12 " 20 In cardiac muscle the activity of CK,™, bound to the myofibril is similar to the activity of myosin ATPase, and it has been shown that this C K^ can provide for the intramyofibrillar generation of virtually all the ATP necessary for maximal myosin ATPase activity. 1319 Further studies also indicate that the myosin ATPase reaction preferentially uses ATP supplied by the creatine kinase reaction rather than cytosolic ATP. 12 If functional coupling of C K^ to myosin ATPase allows channeling of ATP from myofibrillar creatine kinase to myosin ATPase, then alterations in the activity of creatine kinase bound to the myofibril might in turn influence the rate of the myosin ATPase reaction. Alteration in the rate of myosin ATPase reaction can produce changes in myocardial function. 33 Studies using the 3I P magnetization transfer technique demonstrate that myocardial energy transfer via the creatine kinase reaction is closely coupled to energy production and use in intact hearts. 34 The results of this study indicate that the creatine kinase activity bound to myofibrils isolated from reperfused myocardium is decreased by approximately 17% compared to that bound to nonischemic myofibrils. In the situation where the demand for energy by the contracting myofibril requires near maximal ATP production, the decrease in creatine kinase activity produced by ischemia could result in disruption of the close functional coupling between the myofibrillar creatine kinase and myosin ATPase reactions and, together with other abnormalities in postischemic muscle, lead to myocyte dysfunction. Either a decrease in activity of the enzyme associated with the myofibril, or solubilization of the bound CK, ™ , from the myofibril could produce these results. These two possibilities cannot be distinguished in the present study.
It is not known whether the creatine kinase activity associated with the myofibril eventually returns to normal during reperfusion, and if it does, what time is necessary for the activity of myofibrillar creatine kinase to increase. The possibility exists that some CK,™, was lost from the myocyte during reperfusion. Although no significant decrease in total creatine kinase activity in postischemic myocardium was found, small changes would be difficult to detect. Loss of creatine kinase from the cell during ischemia or reperfusion could have important implications for the reassociation of CK,™, with the myofibril. Any loss of CK,™, from the cell might delay the reassociation and thus contribute to prolonged dysfunction. It is also not known whether the magnitude of loss of CK,™, activity from the myofibril correlates with the degree of myocardial dysfunction present. The present study was limited to reversible injury (ischemic period 15 minutes). During this time, the decrease in myofibrillar CK mm was relatively small (17%), and the degree of dysfunction produced also relatively small. 2 Shorter periods of ischemia might be expected to produce even less profound changes. Thus, the range of dysfunction and myofibrillar creatine kinase depletion obtainable under the constraints of reversible ischemia would be small. A correlation between the magnitude of dysfunction and the degree of myofibrillar CK,™, dissociation would therefore be difficult to demonstrate. Longer periods of ischemia necessary to produce greater dysfunction and greater loss of CK,™, activity would be complicated by an admixture of reversibly and irreversibly injured tissue, and lead to difficulty in interpreting the results.
The decrease in CK,™, activity of the reperfused myofibril is analogous to that seen previously in mitochondria subjected to ischemia and reoxygenation either in vitro 35 or. in vivo. 36 In .the previous studies, the activity of the isozyme of CK specifically associated with the mitochondrion, i.e., CK mito, 37 decreased with hypoxia, and the decrease in activity correlated closely with mitochondrial dysfunction. It is of interest that 18% of the mitochondrial CK activity was lost after 15 minutes of ischemia, a decrease in activity almost identical to the decrease in myofibrillar CK observed after 15 minutes of ischemia in the present study. It was postulated that ischemia might disrupt energy transduction in the mitochondria by this mechanism. The current study, as well as previous studies from our laboratory 9 and others 10 using intact animal models, demonstrates a rapid increase in the creatine phosphate content of the myocardium with reperfusion. This increase in creatine phosphate content indicates a restoration of ATP synthesis since creatine phosphate can only be synthesized through the creatine kinase reaction. Since oxidative phosphorylation normally supplies most of the energy for the myocardi-urn 38 and glycogen pools are depleted in the postischemic period, 39 then the increase in creatine phosphate content is probably indicative of the resumption of oxidative phosphorylation and the effective transfer of energy from ATP to creatine phosphate. Thus, the results of our study do not indicate a significant abnormality in energy production as a cause of postischemic dysfunction.
The second potential mechanism for postischemic dysfunction identified in this study was the limitation of substrate necessary for maximal activity of the creatine kinase bound to the myofibril. Both creatine phosphate and ADP are necessary to produce ATP by the creatine kinase reaction. In postischemic muscle, the creatine phosphate concentration is approximately 17 mM, well above 1.2 mM, the Km of creatine phosphate for the creatine kinase reaction." In contrast, although the total cellular concentration of ADP is approximately 7.5 mM, greater than 95% of the ADP is bound to structural proteins and thus unavailable to participate in the creatine kinase reaction. 40 The free ADP concentration calculated in this study using the equilibrium constant of the creatine kinase reaction and the measured contents of ATP, creatine, and creatine phosphate was 221 fiM in nonischemic muscle and decreased to 96 /i,M in postischemic muscle. These concentrations are similar to those calculated by others for the myocardium. 41 The Km of ADP for the myofibrillar creatine kinase was determined to be 105 piM in this study. This value also agrees with the Km values determined for CK mm in other experimental models.' 6 ' 742 The results of this study indicate that the free ADP concentration in nonischemic myocytes is twice the apparent Km of ADP for creatine kinase and corresponds to a creatine kinase velocity of approximately 64% of maximum. In reperfused myocardium the ADP concentration is less than the Km, yielding a reaction velocity of less than half maximal. These results indicate that the ADP concentration of the myocyte may be substrate-limiting for the creatine kinase reaction, and in turn be limiting for the synthesis of ATP to be used as a substrate for the myosin ATPase reaction.
Certain assumptions were made to calculate free ADP concentrations. To obtain the values of creatine, creatine phosphate, and ATP used in the creatine kinase equation, the myocardial content of each compound (per unit of total cellular protein) were expressed in terms of intracellular concentration. Changes in the contribution of protein to the wet weight of tissue, in the intracellular water content, or in the pH of the cell would alter the calculated concentration of free ADP. Hydrolysis of creatine phosphate occurring during any delay in the freezing of the tissue sample would also affect the calculations. In addition, if ATP, creatine phosphate, or creatine are bound or compartmentalized within the cell and not available to participate in the C K^ reaction, the results of the calculation of free ADP would be altered. The effect of changes in each of these parameters was calculated, and can be summarized as follows: a calculated free ADP concentration less than that originally calculated would result from a decrease in protein content, an increase in the intracellular water content (such as occurs after reversible ischemia), 43 the persistence of acidosis during reperfusion, the hydrolysis of CP during sampling, or a decrease in the free ATP or creatine content. Thus, the free ADP concentration could be substantially less than the Km of ADP for the myofibrillar creatine kinase reaction, providing even greater support for the hypothesis that ADP is limiting for the reaction.
Other assumptions implicit in the calculation of free ADP are that the creatine kinase reaction is in a steady state, and that the steady state is similar in nonischemic and previously ischemic tissue. The creatine kinase reaction in postischemic myocardium appears to be in a steady state since the concentrations of the reactants are relatively constant. A rebound in creatine phosphate concentration does occur immediately on reperfusion, and this increase may lead to an increase in the steady state ATP concentration and thus increase ATPase activity. But this change is transient and resolves within 1 hour. 9 Compartmentalization of nucleotide pools could be present and result in nonsteady-state conditions, and this possibility cannot be evaluated with the model used in this study. In vivo net reaction rates for the creatine kinase reaction in heart have been examined by 3 ' P NMR , 3444 and examples of nonsteadystate conditions have been found, but this technique sums all of the creatine kinase reactions in the heart and may not apply to the specific myofibrillar creatine kinase reaction. Another assumption is that the kinetics of the soluble myofibrillar creatine kinase apply to the enzyme when bound to the myofibril. Previous studies by Savabi et al 1617 examined the rate of myofibrillar contraction as a function of ADP concentration. If the creatine kinase bound to the myofibril is coupled to the ATPase, and if the activity of ATPase is a determinant of the rate of contraction, then the kinetics of bound creatine kinase can be examined by measuring myofibrillar contraction. These authors determined the Km of ADP to be 76 M, a value similar to that observed in the present study. The similarities of the Km's for the bound and soluble enzymes suggest that the cytosolic pool of ADP is relevant to the myofibrillar creatine kinase reaction. Also, the largest ADP pool in the myocyte, i.e., that bound to actin, does not participate in the myofibrillar creatine kinase reaction. 45 Pools other than the free cytosolic pool may be important in the reaction but remain to be identified.
If myocardial dysfunction exists secondary to a decrease in creatine kinase activity, then the dysfunction may respond to interventions designed to increase adenine nucleotide synthesis in the heart. Since the myokinase reaction is in equilibrium, any increase in adenine nucleotide synthesis should be redistributed across the total adenine nucleotide pool and lead to an increase in the free ADP concentration in the myocyte. If a structural abnormality exists in the association of creatine kinase to the myofibril, then it may be true that no specific intervention will increase the reassociation of creatine kinase to the myofibril, but it may also be possible that by increasing adenine nucleotide content of the cell the amount of ATP available to the myosin ATPase might increase. Even though the myosin ATPase preferentially uses ATP provided by the creatine kinase reaction by increasing the cytosolic concentration of ATP, an increase in the availability of ATP for the myosin ATPase reaction might be effected.
In summary, we have identified dual mechanisms that may contribute to the dysfunction observed in postischemic (stunned) myocardium. As in any in vivo study, it is not possible to prove conclusively a cause and effect relationship, but the results do show a temporal association. Both of the mechanisms, i.e., loss of creatine kinase activity from the myofibril and limitation of substrate (ADP) necessary for maximal creatine kinase activity, are predicated on the existence of a functional coupling between myofibrillar creatine kinase and myosin ATPase. Neither of these mechanisms are dependent on the existence of the entire creatine phosphate shuttle for production and transduction of energy from the mitochondrion to the myofibril.
